Complex microbial ecosystems contain large reservoirs of unexplored biosynthetic diversity. Here we provide an experimental framework and data analysis tool to facilitate the targeted discovery of natural-product biosynthetic gene clusters from the environment. Multiplex sequencing of barcoded PCR amplicons is followed by sequence similarity directed data parsing to identify sequences bearing close resemblance to biosynthetically or biomedically interesting gene clusters. Amplicons are then mapped onto arrayed metagenomic libraries to guide the recovery of targeted gene clusters. When applied to adenylation-and ketosynthasedomain amplicons derived from saturating soil DNA libraries, our analysis pipeline led to the recovery of biosynthetic clusters predicted to encode for previously uncharacterized glycopeptide-and lipopeptide-like antibiotics; thiocoraline-, azinomycin-, and bleomycinlike antitumor agents; and a rapamycin-like immunosuppressant. The utility of the approach is demonstrated by using recovered eDNA sequences to generate glycopeptide derivatives. The experiments described here constitute a systematic interrogation of a soil metagenome for gene clusters capable of encoding naturally occurring derivatives of biomedically relevant natural products. Our results show that previously undetected biosynthetic gene clusters with potential biomedical relevance are very common in the environment. This general process should permit the routine screening of environmental samples for gene clusters capable of encoding the systematic expansion of the structural diversity seen in biomedically relevant families of natural products.
nonribosomal peptide synthetase | polyketide synthase | secondary metabolite | drug discovery | uncultured bacteria M icrobial secondary metabolites produced by nonribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) biosynthetic machinery have been an enormously valuable source of pharmacologically relevant chemical entities (1, 2) . A common theme within these natural compounds is the existence of families of molecules whose similar structural features and biological activities derive from evolutionarily related biosynthetic pathways (2, 3) . Structural variations within natural-product families often lead to differences in potency, solubility, toxicity, bioavailability, and even target specificity. These changes can dramatically affect the potential of a natural product to successfully transition from a lead structure to a therapeutic agent (4) (5) (6) . The development of a facile method for the routine identification of gene clusters capable of encoding natural variants of biomedically relevant natural-product families or natural-product lead structures ("variant clusters") would therefore be a powerful addition to current drug-development pipelines.
At the beginning of this study, the extent to which undiscovered variant gene clusters existed in nature was unclear. Based on recent metagenomic evidence (7-9), we hypothesized that hidden reservoirs of biosynthetic diversity might be common throughout nature and that their discovery would require the development of an experimental framework that would: (i) faithfully replicate the immense genomic diversity found within complex microbial ecosystems; (ii) facilitate the cloning of complete natural-product biosynthetic gene clusters; and (iii) correctly identify gene clusters of interest from within the much larger pool of closely related but undesired biosynthetic sequences.
It is now well established that most environments contain several orders of magnitude more microbial species than have traditionally been examined using pure culture methods (10, 11) . Soils are particularly rich niches of microbial species diversity, with potentially in excess of 10,000 unique bacterial species present in a single gram (12) (13) (14) . Based on these extraordinary diversity estimates and the historical importance of soil-dwelling microbes as a source of bioactive natural products (15), we elected to focus on soil bacteria as potential sources of biosynthetic gene clusters capable of encoding for metabolites that are structurally and functionally related to clinically relevant natural-product families. Here we show that previously undetected variant biosynthetic gene clusters are likely to be common in nature and present a data-generation pipeline to permit the discovery of these gene clusters from diverse environmental samples.
Results and Discussion
For our initial systematic screening study, total community DNA was extracted directly from a randomly selected soil sample obtained from the Chihuahuan Desert (New Mexico). The resulting high-molecular-weight DNA was then used to construct an environmental DNA (eDNA) cosmid library containing >1.5 × 10 7 unique clones, hereafter referred to as the New Mexico megalibrary. To facilitate sequence mapping and downstream clone recovery efforts (Fig. 1A) , the library was arrayed into 96-well plates at a density of 4-5 × 10 3 clones per well. Soil DNA megalibraries of this size have been shown to approach saturation of the genetic diversity present in soils, allowing for the recovery of even the largest natural-product biosynthetic gene clusters on sets of overlapping cosmid clones (16) .
With the exception of rare cases of convergent evolution, gene clusters encoding structurally related metabolites will share common ancestry and are therefore likely to exhibit high sequence identity (3) . We reasoned that the identification of variant clusters could be accomplished by comparing appropriately selected eDNA sequences (natural-product sequence tags) to a reference database of equivalent sequences derived from characterized biosynthetic systems. Conserved regions within both NRPS adenylation (A) domain and PKS ketosynthase (KS) domain sequences were selected to be the target sequences in the first application of our experimental framework. In addition to their ubiquitous presence in NRPS and PKS biosynthetic gene clusters (17) , the choice of these domains as targets was dictated by two factors. First, although they encompass a diverse set of sequences, conserved motifs within both domains have allowed for the design of robust degenerate primers targeted toward each group (18, 19) , Second, these domains are typically present multiple times in a given gene cluster (17) , thereby increasing the likelihood of successfully amplifying at least one tag from any given cluster. The primer sets we used in this study are known to provide robust amplification of a wide variety of A/KS domains, particularly those found in the genomes of GC-rich soil bacteria traditionally associated with the production of medicinally relevant secondary metabolites (18, 19) . The approach we outline is equally applicable to the survey of fungal or AT-rich (adenine/ thymine-rich) bacterial sequences by using alternative degenerate primer sets.
To generate PKS and NRPS sequence tags from the partially arrayed New Mexico mega-library, aliquots of DNA representing the separately pooled rows and columns from each of the 96-well plates making up this library were used as templates in degenerate PCR reactions targeting these sequences. Each of the forward primers used in these amplification reactions was designed to contain a unique eight base-pair barcode sequence immediately downstream of a 454 sequencing adapter to permit tracking of the sequence tags to individual rows and columns within the megalibrary. The resulting row and column PCR amplicons were subsequently pooled and 454-pyrosequenced (SI Appendix, Table S1 ). The collection of raw sequencing reads was first quality filtered and trimmed, and the resulting pool of clean sequences was then clustered at 95% identity to compensate for potential sequencing error and natural-sequence polymorphisms (20) . Following these steps, 16,949 unique A-domain clusters and 4,167 unique KS-domain clusters remained, the latter number representing 30-fold more unique KS domains than were identified in a previous analysis of the largest available shotgun metagenomic sequencing datasets (21) . The resulting consensus sequence from each 95% cluster was taken to be representative of a unique A-or KS-domain sequence within the library, with position information assigned based on the associated row and column barcodes.
Library-derived A/KS-domain sequence tags were compared using BLAST (22) to a curated database containing A/KS-domain sequences from either completed genomes or individually sequenced biosynthetic gene clusters found in GenBank. Within this reference set, domains derived from >250 biosynthetically and/or biomedically interesting NRPS/PKS biosynthetic gene clusters (SI Appendix, Table S3 ) were marked to indicate their respective associations with specific natural products of interest. Library-derived A/KS-domain amplicons that returned one of these biosynthetic systems as their top BLAST match were classified as hits. The net effect of this curated BLAST analysis was to identify environmental sequences that are more closely related to biosynthetic sequences of interest than to any other biosynthetic sequences in NCBI (National Center for Biotechnology Information), an attribute we believe to be a good indicator of a functional relationship between an environmental gene cluster yielding an A/KS-domain sequence tag and a curated gene cluster. The analysis of the A/KS-domain sequence tags in this fashion led to the identification of 1,026 unique library sequences that could be classified as hits (Fig. 1B , SI Appendix, Tables S1 and S3). Collectively, these hits recognize 281 different domains derived from 124 of the >250 gene clusters found in our database. This analysis served to pare down the large initial number of A/KS-domain consensus sequences into a smaller number of sequences from which gene clusters of interest (i.e., clones containing natural variants of biosynthetically and/or biomedically interesting NRPS/PKS biosynthetic gene clusters) might be identified. The subset of "hit" amplicon sequences were then mapped onto our arrayed library to guide the recovery of clones containing biosynthetic gene clusters that might encode for new members of biomedically interesting families of secondary metabolites (Fig. 1B) .
To validate this screening process as a means of correctly targeting gene clusters of interest, amplicon maps derived from three arrayed soil megalibraries were used to guide recovery of cosmids comprising 26 different biosynthetic systems. Recovered gene clusters were sequenced and bioinformatically analyzed to determine their relationship to the targeted gene-cluster families of interest. A detailed summary of the analyses carried out for each gene cluster is presented in SI Appendix, Figs. S1-11. The closest previously sequenced relative of each recovered gene cluster was determined using the Cluster-BLAST function of AntiSMASH (Antibiotics and Secondary Metabolite Analysis Shell) (23) and confirmed through extensive manual gene-cluster comparisons. In general, the higher the identity observed between a library amplicon sequence and the corresponding domain from a characterized gene cluster, the higher the likelihood of there being a true functional relationship between the recovered gene cluster and the previously characterized homologous gene cluster. Seventeen of the twenty-one (∼81%) KS/A-domain sequence tags returning expectation values below 10 −45 in the initial BLAST analysis led to the recovery of gene clusters resembling the targeted gene cluster of interest ("on target" eDNA gene clusters), and only one of the five (20%) hits returning expectation values above 10 −45 proved to be on target. In future analyses, productive expectation value cutoffs may vary depending on the specific family of gene clusters being examined. All 18 ontarget eDNA gene clusters were subsequently examined for changes in core NRPS/PKS biosynthetic machinery [e.g., number, type, arrangement, identity, or predicted substrate specificity of Figs. S1-10 ). Half (9/18) of the on-target gene clusters we recovered contain changes that are predicted to confer onto them the ability to encode for natural products that differ in structure from any previously reported metabolites (Fig. 2, SI Appendix, Figs. S1-10) . Targeting the recovery of clones associated with lipo-and glycopeptide antibiotic related A-domain amplicons led to the identification of four gene clusters that are predicted to encode new members of these families. Two of these are lipopeptide antibiotic-like gene clusters (Fig. 2 E and F, SI Appendix, Figs. S1 and S2) most closely related to the friulimicin (24) biosynthetic gene cluster but with differences in both the megasynthetase biosynthetic machinery and the tailoring enzyme content. The two remaining antibiotic gene clusters are predicted to encode molecules structurally related to the glycopeptides teicoplanin and A47934 (8, 25) . In each case, the combination of tailoring enzymes seen in these clusters is predicted to result in the production of a previously unknown glycopeptide derivative (Figs. 2C and 3 , SI Appendix, Figs. S7 and S10). Five gene clusters predicted to encode the production of DNA-damaging agents, with potential applications toward the development of anticancer therapeutics, were also recovered. These were related to known gene clusters encoding thiocoraline (26) (Fig. 2 A and B , SI Appendix, Figs. S4-S6), bleomycin (27) (Fig. 2H, SI Appendix, Fig. S8 ), and azinomycin (28) (Fig. 2D, SI Appendix, Fig. S3 ). Each of these eDNAderived gene clusters is predicted to encode a metabolite that differs from known structures within these respective families due to changes in core megasynthetase biosynthetic machinery and/or tailoring enzyme content. Finally, by targeting a gene cluster associated with a rapamycin-like (29) KS amplicon, we recovered a partial gene cluster (Fig. 2G, SI Appendix, Fig. S9 ) that is closely related to the rapamycin biosynthetic system but with predicted changes in megasynthase domain content that suggest it belongs to a biosynthetic system encoding a previously uncharacterized rapamycin-like structure.
Taken together, the on-target clusters we identified provide strong evidence supporting our original hypothesis that the genomes of environmental bacteria contain a large hidden reservoir of variant gene clusters that can be systematically identified using sequence-similarity-guided search strategies. Moreover, gene clusters predicted to encode new variants appear to be as common in the environment as gene clusters that are functionally identical to known clusters. The gene clusters described here are all relatives of well-characterized clinically relevant biosynthetic systems. This experimental framework is equally applicable to the diversification of newly discovered lead structures found in highthroughput screening programs or (meta)genome mining studies. The only prerequisite for identifying variant gene clusters using this method is the knowledge of a single A or KS domain associated with the biosynthesis of a lead structure of interest.
To demonstrate the utility of this approach for generating derivatives of medicinally relevant natural products, heterologous expression studies were conducted using one of the recovered glycopeptide gene clusters. When using derivative clusters to generate secondary metabolites, it is possible to envision using either de novo heterologous biosynthesis or mixed heterologous biosynthesis methods. In mixed biosynthesis studies, the unique genetic elements found in a newly discovered cluster would ideally be introduced into a strain that produces a minimally functionalized conserved core structure that can serve as a generic substrate for new gene-cluster-encoded enzymatic activities. For this study we elected to use a mixed biosynthesis strategy, in which the glycopeptide producer Streptomyces toyocaensis:ΔStaL was used as the host. S. toyocaensis:ΔStaL is genetically tractable and produces high titers of desulfo-A47934 (dsA47934), a glycopeptide core structure devoid of tailoring enzyme functionality (30) .
In the eDNA-derived glycopeptide gene cluster selected for functional expression studies, all of the tailoring enzymes (a sulfotransferase, a glycosyltransferase, and an N-methyltransferase) are encoded by a single operon. To ensure the constitutive expression of this operon in our mixed biosynthesis study, an ermE* promoter cassette was introduced upstream of the first ORF (Fig. 3A) . The introduction of the cosmid containing the now constitutively expressed tailoring operon into S. toyocaensis:ΔStaL, resulted in the production of three new compounds (Fig. 3C) . The molecular formulas of these compounds were determined by high-resolution mass spectrometry (SI Appendix, Text S2), and in each case they were found to be consistent with the functionalization of dsA47934 by one or more eDNA-encoded tailoring enzymes. The molecular formula deduced for compound 1 (C 65 H 56 Cl 3 N 7 O 26 S) suggested it was the product of the combined action of all three eDNA-tailoring enzymes. This compound was purified and its structure elucidated by NMR (Fig.  3D, SI Appendix, Fig. S12 ). The structure of compound 1 represents a glycopeptide derivative, resulting from sulfation, methylation, and glycosylation of dsA47934, a functionalization pattern that is completely consistent with our bioinformatics predictions for this gene cluster (Fig. 3B, SI Appendix, Fig. S10 ). The masses of the two remaining compounds suggest they are intermediates in the production of 1. The deduced molecular formula for 2 (C 59 H 46 Cl 3 N 7 O 21 S) is consistent with the addition of a methyl and sulfate to dsA47934, and that for 3 (C 59 H 46 Cl 3 N 7 O 18 ) corresponds to the addition of a methyl group only.
To facilitate the analysis of crude eDNA samples in a similar manner, all of the steps performed in the course of the analytical process described above have been integrated into a web-based sequence analysis platform (environmental Surveyor of Natural Product Diversity [eSNaPD] ). The analysis package can be accessed at http://esnapd2.rockefeller.edu. eSNaPD is an interactive tool designed to perform an automated analysis of raw amplicon sequence data, identify key biosynthetic markers, and use bar-coded primer data, if available, to map the location of these markers onto a library map (Fig. 4A) . The graphical user interface facilitates the storing, management, and exploration of large, natural-product-associated amplicon data generated from multiple environmental samples. All output data are available in a click-and-see format and in downloadable .csv format to facilitate subsequent user-specific analyses. The reference databases used in the analysis can be easily modified, allowing searches to be customized for the analysis of amplicon sequences arising from the use of degenerate primer pairs designed to recognize any biosynthetic gene sequences of interest.
To evaluate the suitability of eSNaPD for the purpose of prescreening environmental samples, we carried out the same general analysis described above directly on eDNA derived from six geographically diverse soil samples (Fig. 4B) . A-domain PCR amplicons were generated from each sample and the resulting sequences were analyzed using the eSNaPD amplicon analysis tool (SI Appendix, Table S2 ). Natural-product sequence tags corresponding to glycopeptide-, lipopeptide-, and bisintercalator-like gene clusters were then quantified and compared, revealing widely differing biosynthetic profiles across these six soil environments (Fig. 4B ). This suggests that environmental samples can vary considerably in their gene-cluster content and, as such, sample selection should be an important consideration for future efforts to target the recovery of biosynthetic pathways encoding new members of biomedically important families of natural products.
The eDNA sample used in the construction of the New Mexico megalibrary was among the six samples subjected to direct analysis. Even at greatly reduced sequence depth (∼10% the number of reads) the data from the direct analysis of this sample was found to be in good agreement with that generated from the library. Of the 58 different NRPS gene clusters identified in the library, 45 of these were also detected in the direct soil analysis. The significant overlap (>75%) seen between these two analyses indicates that the assessment of crude soil eDNA samples, even at limited sequencing depth, is likely to provide a good representation of the gene-cluster diversity that can be cloned from these samples. The workup required for direct soil analysis can be achieved using commercially available soil DNA isolation kits which, when coupled with multiplexed parallel sequencing, will allow for large numbers of environmental samples to be analyzed rapidly in parallel. Although we have described the application of this method to culture independent studies, it is equally applicable to the prescreening of large culture collections, or of environmental samples before attempts at strain isolation.
In conclusion, we have presented a data-generation pipeline and an associated analysis software tool that allows for the rapid screening of crude eDNA and saturating eDNA megalibraries for biosynthetic pathways encoding variants of bacterial natural products of interest. The general approach we have described provides a blueprint for the large-scale screening of diverse environmental samples for natural-product targets of interest, which, when coupled to library construction and gene-cluster recovery, should allow for the identification of biosynthetic pathways capable of expanding upon the structural diversity seen in biomedically relevant families of natural products. Library Construction. Library construction methods have been described in detail previously (32) . Briefly: Approximately 1 kg of soil was collected from the Chihuahuan Desert in southwestern New Mexico. Soil was sifted to remove large particulates, and then heated (70°C) in lysis buffer [100 mM TrisHCl, 100 mM EDTA, 1.5 M NaCl, 1% (wt/vol) CTAB (cetyltrimethylammonium bromide), 2% (wt/vol) SDS, pH 8.0] for 2 h. Soil particulates were removed from the crude lysate by centrifugation, and eDNA was precipitated from the resulting supernatant with the addition of 0.7 volume isopropanol. Crude eDNA was collected by centrifugation, washed with 70% (vol/vol) ethanol, and resuspended in TE (Tris/EDTA). Gel-purified (1% agarose) high-molecularweight eDNA was blunt ended (Epicentre, End-It), ligated into pWEB-TNC (Epicentre) or the broad host range vector pWEB436, packaged into lambda phage, and transfected into Escherichia coli EC100. Following recovery, transfected cells were inoculated into 5 mL LB with selective antibiotic (100 μg/ mL ampicillin or 50 μg/mL apramycin) in 48-well plates at a density of ∼4-5 × 10 3 clones per well and grown overnight. Matching glycerol stocks and cosmid DNA minipreps were prepared from each well and arrayed into 96-well plates for screening.
Amplicon Generation and Sequencing. Cosmid DNA was pooled for each row and column of all library plates and these individual pools were used as template for PCR reactions with degenerate primers targeting NRPS adenylation (A) domains and PKS ketosynthase (KS) domains. A-domain fragments (∼795 bp) were amplified using primers A3F (5′-GCSTACSYSATSTACACSTCS-GG) and A7R (5′-SASGTCVCCSGTSCGGTA) (18, 19) . These primers are designed to recognize the conserved A3 and A7 regions in NRPS A domains. KS-domain fragments (∼760 bp) were amplified using primers degKS2F (5′-GCIATG-GAYCCICARCARMGIVT) and degKS2R (5′-GTICCIGTICCRTGISCYTCIAC) (18, 19) . These primers are designed to amplify the most conserved regions of PKSI KS-domains, including the active site residues. The 5′ ends of forward primers were augmented with 454 sequencing adapters followed by unique 8-bp barcode sequences identifying the template pool to which they were assigned. PCR reactions: 25 μL reaction, 1× G buffer (Epicentre), 50 pmol of each primer, 2. sequencing, all PCR products were quantified by gel electrophoresis and mixed in an equal molar ratio. Fluorometrically quantified (PicoGreen Quant-iT; Invitrogen, DNA 7500; Agilent Technologies) gel purified (Qiagen MinElute, crystal violet staining) PCR amplicon pools were sequenced using 454 GS-FLX Titanium pyrosequencing technologies.
Amplicon Sequence Data Processing. Reads with any ambiguous calls and those <200 bp in length were removed. All remaining reads were trimmed to ≤ 400 bp, sorted by decreasing length and then clustered at 95% identity using UCLUST (20) . The cluster consensus sequence (CCS) generated for each 95% identity cluster was taken to represent a unique A or KS sequence in the library. Each unique A/KS-domain sequence was located in the arrayed library using the 8-bp PCR primer barcodes uniquely associated with each row and column, with one position assigned for each library plate in which a sequence was detected. For example: a 95% identity cluster found to contain sequences from row G and column 6 of plate M is assigned the library position MG6 (plate M, well G6). Location information for each sequence in a 95% identity cluster was subsequently assigned to the CCS generated from this cluster. A/KS-domain CCSs were searched using Blast against our NCBI-NT-AD and NCBI-NT-KS datasets (a description of these datasets appears in the additional material and methods located in the SI Appendix), respectively. Blast hits with e-value greater than 10 −20 were discarded. CCS that return A or KS domains from functionally characterized gene clusters of interest were considered hits. The New Mexico library was used as the primary source of clones in this study. A similar analysis was performed on previously archived libraries created from California and Arizona soils, and clones recovered from these libraries were also included in this study. Additional material and methods outlining recovery of target clones, sequencing and in silico analysis of recovered gene clusters, the development of eSNaPD software, production of compound 1 by mixed biosynthesis, purification, and structure determination of compound 1 are located in SI Appendix.
